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Abstract
A simple, rapid and robust protocol for the characterisation of strong cation exchange columns for the analysis of small 
molecular weight bases is described. A range of ten different phases were characterised, and the resultant selectivity and 
retention factors analysed using Principal Component Analysis. The score plots for the first and second principal components 
described 83% of the variability within the dataset. Score plots highlighted the large chromatographic differences observed 
between the phases, the validity of which was established using a larger range of bases. All the strong cation exchange 
materials demonstrated a synergistic mixed mode (i.e. ion exchange and hydrophobic) retention mechanism. Principal 
Component Analysis also highlighted the potential difficulty in locating suitable strong cation exchange “back-up” columns 
for the analysis of small molecular weight bases in that the characterised columns all displayed very different selectivities. 
The robustness of the protocol was confirmed by a factorial design experiment.
Keywords Strong cation exchange stationary phases · Column characterisation · Principal Component Analysis · 
Robustness testing · Factorial design · Small molecular weight bases
Introduction
Over the last 20 years, considerable efforts have been made 
to assist the chromatographer in selecting reversed-phase 
LC (RP-LC) columns for various purposes such as identi-
fying ones with differing chromatographic selectivity for 
method development proposes and those with very similar 
selectivity and retention as equivalent columns for “back 
up” purposes. This has been accomplished by the estab-
lishment of column characterisation databases which are 
freely available on the internet allowing the chromatogra-
pher to search the databases using predefined selection cri-
teria. The largest RP-LC databases are based on the Sny-
der’s Hydrophobic Subtraction Model [1] and the extended 
Tanaka protocols developed by Euerby et al. [2] which 
can be found in the USP PQRI and the ACD databases, 
respectively [3–5]. Publications have also been made to 
characterise stationary phases for hydrophilic interaction 
(HILIC) [6] and supercritical fluid chromatography (SFC) 
[7]. In comparison, to date, there has been no attempt to 
produce a column characterisation protocol/database for 
strong cation exchange (SCX) columns suitable for the 
analysis of small molecular weight bases. While hydro-
phobic bases can be successfully chromatographed using 
RP columns, hydrophilic bases are often poorly retained 
on RP columns and SCX columns can be employed to 
provide retention [8–11]. Given the dearth of information 
provided by the stationary phase manufacturers regarding 
SCX phase properties, the poorly understood chemistry 
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associated with them (i.e. diversity in their functionality—
propyl or benzylsulfonic acid ligands) and the perceived 
lack of batch to batch reproducibility and column longev-
ity; it is apparent that a simple and robust chromatographic 
characterisation protocol would be extremely useful. This 
was accomplished by developing a column characteri-
sation procedure which assesses their cation exchange, 
hydrophobicity and aromatic character.
The robustness of the developed SCX column charac-
terisation protocol was assessed using a factorial design 
(also called fractional design of experiment, DoE) in which 
small systematic changes reflecting the expected experi-
mental errors associated with the procedure were explored 
[12–14]. The retention and selectivity factors were used as 
responses to create models which highlighted the degree of 
deviation the systematic changes created from the nominal 
centre point, i.e. the original method conditions. This data 
highlighted what variable(s) (i.e. chromatographic operating 
parameters) were statistically significant and their practical 
relevance on the result, thus exemplifying which operating 
parameters must be carefully controlled to maintain a robust 
column characterisation protocol.
Experimental
Mobile phase solutions have been prepared gravimetrically 
to minimise errors associated with volumetrically dispens-
ing solutions. The correct volume of solutions has been 
weighed out taking into account their densities hence the 
mobile phase solutions are still classed as v/v.
Chemicals and Reagents
Water and acetonitrile used were of HPLC grade and sup-
plied by Sigma Aldrich (Poole, UK). All compounds used 
and the mobile phase additives were supplied by Sigma 
Aldrich and Fisher Scientific (Loughborough, UK). Pheni-
dine hydrochloride derivatives (see Online resource 1) were 
synthesised and supplied by Dr. O. B. Sutcliffe (Manchester 
Metropolitan University, M15GD).
Potassium Dihydrogen Phosphate (100 mM, pH 2.5)
Potassium dihydrogen phosphate (6.80 ± 0.01 g using a 
four decimal place balance) was accurately weighed and 
dissolved in approximately 400 mL HPLC grade water and 
mixed. The pH was then adjusted to 2.5 using orthophos-
phoric acid. The solution was made up to 500.0 ± 0.1 g using 
a two decimal place balance.
Characterisation Test Mixture
Stock solutions of benzylamine HCl, nortriptyline HCl, 
salbutamol sulfate and diphenhydramine HCl in water 
were prepared at a nominal concentration of 0.5 mg mL−1. 
The characterisation test mixture was prepared by mix-
ing 400, 100, 200 and 600 μL of the stock benzylamine, 
nortriptyline, salbutamol and diphenhydramine solutions, 
respectively. Individual stock solutions were found to be 
stable for up to 1 month if stored at 4 °C, whilst the test 
mixture was prepared daily and discarded after 24 h.
Liquid Chromatography
LC separations were performed on a Shimadzu Nexera 
X2 UHPLC system (Duisburg, Germany) equipped with 
two binary pumps (LC-30AD) and proportionating valves, 
degassers (DGU-20ASR), autosampler (SIL-30AC), Prom-
inence column oven (CTO-20AC), diode array detector 
(SPD-M30A) and communication bus module (CBM-
20A). The software used to control the LC system was 
LabSolutions (Version 5.86). The robustness evaluation 
was performed on a Nexera-i series integrated LC using 
LabSolutions Version 5.90 software.
Unless otherwise stated, the following isocratic LC con-
ditions were employed using a mobile phase as described 
in “Potassium dihydrogen phosphate 10 mM pH 2.5 in 
water/acetonitrile (60:40 v/v)” section. For a column 
format of 150 × 4.6 mm, the following conditions were 
employed: a flow rate of 1.0 ± 0.1 mL min−1 (for pressure 
reasons the Supelcosil SCX and the Agilent Bio SCX NP 
were run at 2 and 0.5 mL min−1, respectively), 40 ± 1 °C, 
30 μL (for non 150 × 4.6 mm columns, the injection vol-
ume and flow rate was scaled as appropriate) and detection 
at 214 nm (bandwidth 8 nm), reference 360 nm (bandwidth 
100 nm). All columns were equilibrated with 100 column 
volumes before running the analysis and  after changing 
the mobile phase conditions. Run times were typically 
within 45 min.
Potassium Dihydrogen Phosphate 10 mM pH 2.5 in Water/
Acetonitrile (60:40 v/v)
50.0 ± 0.1 g of potassium dihydrogen phosphate (100 mM, 
pH 2.5, see “Potassium dihydrogen phosphate 100 mM, 
pH 2.5” section) was accurately weighed using a two-place 
balance. This was added to 250.0 ± 0.1  g of water and 
157.2 ± 0.1 g (200 ± 0.13 mL) of MeCN, using a two deci-
mal place balance, and the solution was mixed yielding a 
potassium dihydrogen phosphate 10 mM pH 2.5 in water/
acetonitrile (60:40 v/v) solution.
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Stationary Phases
All columns were new as supplied by the manufacturer (see 
Table 1). A Luna SCX column (150 × 4.6 mm, 100 Å, 5 µm) 
was used for the robustness evaluation. Column batch to 
batch variability was assessed on six different Luna SCX 
columns packed with three differing base silicas and four 
differing silanes (150 × 4.6 mm, 100 Å, 5 µm).
Software and Calculations
Principal Component Analysis (PCA) was performed using 
SIMCA (Version 14.1, Umetrics, Umeå, Sweden). The 
variables within the PCA were all autoscaled to give each 
variable the same importance. A factorial design was per-
formed using Modde Pro (Version 12.0.1. Umetrics, Umeå, 
Sweden). The physical/chemical properties of the bases 
were calculated using Percepta (ACD Toronto, Canada). 
Student t test analysis was performed in Microsoft Excel. 
The void volume for the column was determined from the 
peak apex of a water injection at 214 nm [15]. This was 
used to determine the retention factors of benzylamine (B), 
salbutamol (S), diphenhydramine (D) and nortriptyline (N) 
and the selectivity factors (α) between B/S, S/D, B/D, D/N, 
S/N and B/N (see Online resource 3).
Factorial Design
The factors evaluated in the DoE are summarised in 
Table  2, including the different ± 1 level. The design 
employed was a  2(5–2) fractional factorial design with 
three centre points to allow an estimate of the reproduc-
ibility (see Online resource 2). The factors investigated 
were selected as the most likely sources of error, where 
the levels were ascertained to reflect the random variation 
Table 1  Stationary phase properties as derived from the manufacturers
SCX phase 
description
Manufacturer Particle 
size (µm)
Pore size (Å) %C load Surface area 
 (m2  g−1)
Binding capac-
ity
Chromato-
graphic Sup-
port
Sulfonic acid 
attachment
Epic ES Industries 3 120 Proprietary 
information
230 3.00 meq g−1 Silica Aryl
Inertsil GL Sciences 5 100 14 450 0.5 meq g−1 Silica Propy aryl
Biobasic Thermo 5 300 3 100 0.07 meq g−1 Silica Propyl
Poly (2-sulfoe-
thyl asparta-
mide) A
Poly LC 3 300 Proprietary 
information
115 400 µmol g−1 Silica coated 
with a 
hydrophilic 
polymer
Poly(2-sulfoe-
thyl asparta-
mide)
Agilent Bio Agilent 1.7 Non-porous Proprietary 
information
Proprietary 
information
53 mg mL−1 Highly 
crosslinked 
poly(styrene 
divinylb-
enzene) 
particles 
grafted with 
a hydrophilic 
polymeric 
layer
Bonded to the 
hydro-
philic layer 
(multiple 
ion-exchange 
groups per 
anchoring)
Spherisorb Waters 5 80 3 220 0.006 meq g−1 Silica Propyl
Luna Phenomenex 5 100 9 400 0.15 meq g−1 Silica Aryl
Supelcosil Supelco/Merck 5 120 2.4 170 Proprietary 
information
Silica Propyl
Partisphere Avantor 5 100 Proprietary 
information
210 Proprietary 
information
Silica Aryl
Partisil Avantor 5 85 Proprietary 
information
440 Proprietary 
information
Silica Aryl
Table 2  Operating parameters investigated in the DoE, including the 
nominal conditions (0 level) and the expected deviation (± 1 levels)
Parameter − 1 Level 0 Level + 1 Level
Column temperature (°C) 38 40 42
Flow Rate (mL min−1) 0.9 1 1.1
Potassium phosphate concentration 
(mM)
9.9 10 10.1
pH 100 mM potassium phosphate 2.4 2.5 2.6
MeCN composition (% v/v) 39.9 40.0 40.1
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expected (i.e. at least 3× the expected standard deviation). 
Error propagation calculations based on instrument speci-
fications and qualification data were employed in the esti-
mation of standard deviation [16].
Modde Pro software (see “Software and calculations” 
section) was employed to create and evaluate the facto-
rial designs, which utilised eight experiments with vari-
ous + 1 or − 1 levels for the different variables, and three 
repeat experiments for the central nominal conditions to 
ascertain the reproducibility of the procedure (see Online 
resource 2). Different batches of mobile phase were 
produced for the nominal conditions. The software cre-
ated random experiments to remove any bias within the 
results. The DoE study aims to prove the robustness of the 
method when slight differences in operating parameters 
are assessed that could be imparted by different instru-
ments, laboratories and operators when performing the 
experiment. These experiments were performed using 
pre-mixed mobile phases made up by weight to minimise 
errors associated with dispensing large quantities of solu-
tions volumetrically.
Results and Discussion
Selection of the Basic Analytes
A small range of basic probes was desirable for the col-
umn characterisation protocol to rapidly assess the cation 
exchange capacity, hydrophobicity and potential aromatic 
character of the SCX phases. To achieve this, the physi-
cal chemical diversity (i.e. 11 physical/chemical parame-
ters as determined by Percepta) of 10 potential basic probes 
(logD at pH 2.5 range 1.66 to − 2.86, basic nitrogen pKa 
range = 7.8–10.0, primary, secondary and tertiary amino 
functionality, containing various numbers of aromatic rings) 
was assessed by Principal Component Analysis (PCA). From 
the resultant PCA score plot (see Online resource 4), four 
bases (benzylamine, salbutamol, diphenhydramine and 
nortriptyline) were selected (logD at pH 2.5 range 1.66 to 
− 2.49, basic nitrogen pKa range = 8.8–10.0, 1 × primary, 
2 × secondary and 1 × tertiary amino functionality). Sal-
butamol was inversely correlated along the first Principal 
Component (PC1) to diphenhydramine and nortriptyline 
and reflected the columns selectivity differences towards 
analytes with differing hydrophobicity. Diphenhydramine 
and nortriptyline, despite possessing similar hydrophobic-
ity, were selected as there was a desire to probe the columns’ 
selectivity differences towards secondary and tertiary bases 
(i.e. steric accessibility). The hydrophilic and primary base, 
benzylamine, was also selected as it was influenced by PC2 
(i.e. the molar volume and polarizability parameters).
Hydrophobicity and Aromatic Character
It was observed that toluene and propylbenzene failed to 
be retained on either the Luna or Supelcosil SCX columns 
(manufacturers state that they contain benzene and pro-
pyl sulfonic acid moieties, respectively) at 0–10% levels 
of MeCN levels in the mobile phase, highlighting the low 
hydrophobicity/aromatic character of these type of columns 
towards neutral aromatic analytes.
Rationale for the Selection of the LC Conditions 
and Chromatographic Responses
pH, Temperature and Buffer Concentration
To maximise the cation exchange interaction of the sul-
fonic acid moieties with the basic analytes, a pH of 2.5 was 
selected (typically used for the analysis of hydrophilic bases) 
which would result in the basic nitrogen and the sulfonic 
acid being fully charged. In addition, pH 2.5 would minimise 
any contribution from free silanol groups of the base silica 
towards the phase’s cation exchange capacity. An elevated 
temperature of 40 °C was selected to minimise differences in 
oven types [17]. A preliminary one factor at a time (OFAT) 
study over the temperature range of 36–44 °C highlighted 
that temperature had a minimal effect on the two hydrophilic 
bases (benzylamine and salbutamol, Δk(44–36 °C) = − 0.25 and 
− 0.19, respectively) whereas the two hydrophobic bases 
(nortriptyline and diphenhydramine, Δk(44–36 °C) = − 0.32 
and − 0.41, respectively) demonstrated a greater reduction 
in retention as temperature was increased. Potassium phos-
phate was used as the buffer as this is commonly used in 
ion exchange chromatography. It was observed that within a 
buffer concentration range of 1–40 mM, retention decreased 
as expected when the buffer concentration increased. How-
ever, there was little effect on selectivity. To obtain rapid 
analysis, a 10 mM buffer concentration was employed for 
the column characterisation protocol.
Proportion and Type of Organic in the Mobile Phase
It was anticipated that the type of organic would not play 
a major role in determining selectivity as we had shown 
that the phases possessed minimal hydrophobic interaction 
towards non-polar analytes. Hence, MeCN was selected 
as the organic modifier to reduce the back pressure of the 
system. The effect of MeCN content on the retention of 
the four bases (constant buffer strength was maintained) 
can be seen in Fig.  1. Ammonium formate buffer was 
used instead of potassium phosphate as the latter would 
not have been soluble in 80% MeCN. In contrast to the 
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lack of hydrophobic interaction observed between neutral 
hydrophobic analytes and the SCX phases, the results con-
firm that hydrophobic interactions are possible due to the 
hydrophobic spacers between the silica and sulfonic acid 
moiety as the protonated base is drawn into the station-
ary phase. Consequently, low levels of organic modifier 
are typically required in the mobile phase to diminish any 
hydrophobic interactions [18–20]. The hydrophobic inter-
action appears to be more pronounced with the hydropho-
bic bases - diphenhydramine and nortriptyline (logD = 0.6 
and 1.66 for, respectively) compared to the polar bases 
– benzylamine and salbutamol (logD = − 2 and − 2.49 
for, respectively). For all analytes, as the proportion of 
MeCN increases, the retention decreases which is indica-
tive of a hydrophobic interaction contribution to the over-
all retention of the analytes. At high proportions of MeCN 
(i.e. ≈ 70% v/v), there is minimal hydrophobic interaction 
and as a consequence the polar bases benzylamine and 
salbutamol are retained longer. In comparison, at low pro-
portions of MeCN (i.e. < 50%), the hydrophobic bases nor-
triptyline and diphenhydramine are retained longer. The 
lower the proportion of MeCN the greater the hydrophobic 
bases are retained compared to the polar ones. This result 
implies a synergistic effect between the ion exchange 
and hydrophobic retention of hydrophobic bases. Neutral 
aromatic/hydrophobic compounds do not penetrate the 
highly polar SCX phase, whereas the hydrophobic bases 
are drawn into the phase by an electrostatic attraction. 
Once near the hydrophobic propyl or benzene spacer of 
the phase, the bases can undergo hydrophobic interactions 
(the neutral analytes are not drawn into the phase—hence 
no retention).
For the column characterisation protocol, it was decided 
to employ a mobile phase of 40% MeCN which would 
promote a mixture of ion exchange and hydrophobic 
retention.
Rationale Selection of Responses
Retention factors of the four bases and their selectivity val-
ues (αB/S, αS/N, αS/D, αB/N, αB/D and αD/N) were determined by 
employing an isocratic mobile phase composition of 10 mM 
potassium phosphate (pH 2.5) in MeCN/water (40: 60 v/v) at 
40 °C (see Online resource 3). The  %RSD range for the four 
retention and six selectivity factors for the ten phases were 
86–106% and 19–35% RSD, respectively. This indicated 
the highly discriminating nature of these selected chroma-
tographic responses in differentiating between SCX phases.
Principal Component Analysis of the Column 
Characterisation Results
The PCA score plot (Fig. 2a) highlights how similar or dif-
ferent the SCX columns are to each other—those located 
close to each other are more similar whilst those far apart 
are chromatographically different with respect to their 
responses. Over 83% of the variation between the ten col-
umns could be described simply by using two principal 
components (PC) as shown in Fig. 2a. The score plot indi-
cates that there is a high degree of diversity between the ten 
phases evaluated suggesting that there would appear to be no 
chromatographically similar SCX phases hence making the 
selection of equivalent/“back up” columns difficult/impossi-
ble—this was confirmed by comparing their chromatograms 
in Fig. 3.
The PCA corresponding loading plot (Fig. 2b) illustrates 
how the chromatographic responses contribute to the two 
PCs. Chromatographic responses located close to each 
other have a similar importance for the differentiation of 
objects (i.e. columns). Comparing the score and loading plot 
together would suggest that the columns located in the right-
hand side of the score plot (i.e. close to the retention factors 
in the loading plot) are highly retentive phases compared to 
those positioned in the left-hand side. For example, the Epic 
and Inertsil phases which were located on the right-hand side 
possessed kbenzylamine = 37.4 and 30.1, ksalbutamol = 20.4 and 
17.2, knortriptyline = 30.5 and 17.8 and kdiphenhydramine = 23.4 and 
17.2, respectively. In contrast, the Poly (2-sulfoethylasparta-
mide) A and Biobasic phases which were located on the left-
hand side possessed kbenzylamine = 2.8 and 1.6, ksalbutamol = 2.2 
and 1.3, knortriptyline = 1.4 and 1.2 and kdiphenhydramine = 1.4 and 
1.1, respectively. The observed retentivity is in line with the 
ion exchange binding capacity quoted by the manufacturers 
(see Table 1).
To validate the column characterisation protocol, a 
range of different bases were chromatographed on the 
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Fig. 1  Effect of MeCN (%v/v) on the retention of the four bases 
(filled blue circle, benzylamine; filled black circle, salbutamol; filled 
red circle, diphenhydramine and filled green circle, nortriptyline) in 
10  mM ammonium formate (pH 2.5) on the Luna SCX column at 
40 °C
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Luna and Supelcosil SCX phases which, from the PCA 
score plot, should provide large chromatographic selec-
tivity differences (see Figs. 2 and 3). A measurement of 
chromatographic selectivity (S) between the Supelcosil 
and Luna phases can be derived from the correlation of 
the retention time of 18 disparate basic analytes on these 
two phases chromatographed using the same LC condi-
tions. The selectivity correlations were determined using 
Eq. 1 [21].
where r2 = correlation coefficient between the retention times 
of the two phases under the specified LC conditions.
(1)S = 100
√
1 − r2
S values of 0 and 100 signify columns of equal and 
orthogonal retention selectivity. An S value of 99 was 
obtained between the Supelcosil and Luna SCX phases 
highlighting their complementary chromatographic selec-
tivity (see Fig. 4 and Online resource 1).
Robustness of the SCX Column Characterisation 
Protocol
The robustness of the Column Characterisation Protocol 
was evaluated using a factorial design, to ascertain the 
influence of operating parameters (including temperature, 
flow rate, pH of the potassium phosphate buffer, buffer 
concentration and the proportion of MeCN in mobile 
Fig. 2  a PCA score plot and 
b PCA loading plot of the ten 
materials as assessed by the 
SCX column characterisation 
protocol. PC1 and PC2 = 50 and 
33%, respectively
(a)
(b)
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phase) on the chromatographic responses used in the col-
umn characterisation protocol.
Rationale for the Factorial Design Limits
Based on initial OFAT studies and the likely errors asso-
ciated with the procedure, the following design of experi-
ment (DoE, see Table 2 and “Factorial design” section) was 
performed on a Luna SCX column which was chosen as it 
was located fairly close to the origin in the PCA score plot 
(Fig. 2a) and, therefore, can be considered to have average 
properties. To minimise errors all mobile phases were pre-
pared gravimetrically but are expressed as v/v. Based on 
“pH, temperature and buffer concentration” section and the 
typical errors associated with pH measurements a pH range 
of ± 0.1 from the nominal was deemed appropriate for the 
DoE study. The OFAT temperature study (see “pH, tem-
perature and buffer concentration” section) demonstrated 
little influence on the retention factor of the basic probes 
over the temperature range of 36–44 °C, in addition, many 
instrument manufacturers have oven specification limits 
of ± 0.8 °C. However, it has been demonstrated that there 
are observable differences in column temperature between 
differing manufacturer’s ovens [22, 23] hence a temperature 
range of ± 2 °C from the nominal was deemed appropriate 
for the DoE study. The error associated with the MeCN 
content in the mobile phase prepared gravimetrically using 
a two decimal place balance was calculated to be ± 0.1 g 
(± 0.13 mL), hence, a ± 0.1% range from the nominal was 
selected. In comparison, the errors associated with the buffer 
concentration was selected to be ± 0.1 mM assuming a four-
place decimal balance was used for the preparation of the 
100 mM stock buffer. Based on typical manufacturer’s flow 
rate specifications of their pumps a ± 0.1 mL min−1 range 
from the nominal was deemed appropriate for the DoE study.
Evaluation of the DoE Results
Ideally in a robustness test where the levels have been chosen 
to reflect the experimental noise, both the R2 (the percentage 
of variation of the response explained by the model) and 
Q2 values (the percentage of the variation of the response 
predicted by the model according to cross-validation and 
shows how well the model predicts new data) should be low 
indicating that it is not possible to fit a model [24, 25]. If R2 
and Q2 are low, the selected parameters and levels result in 
only noise i.e. the method would be robust. In our case, the 
R2 value is close to 0.9 with a low Q2 value suggesting that 
some of the parameters may have statistical significance but 
the model is poor. The most meaningful evaluation of the 
robustness is to compare the effect of each parameter and 
level with the experimental noise estimated by the repeated 
centre point (see Figs. 5 and 6). If these confidence intervals 
cover zero the method is robust with respect to that param-
eter and level evaluated. If the confidence levels do not cross 
zero then that parameter is statistically significant, however, 
if the effect is small it might still lack practical importance 
(the bars in Figs. 5 and 6 correspond to a change from − 1 
to + 1).
Figure 5 clearly demonstrates that the proportion of 
MeCN, mobile phase pH and flow rate do not affect the 
retention factor of basic probes, however, as expected, on 
increasing the temperature of the analysis and the buffer con-
centration in the mobile phase retention decreased to a small 
extent. An increase of 4 °C or 0.2 mM resulted in a change 
of the retention factor of less than 0.3 units. Since the range 
in retention factor between columns is 20 units or more 
(Online resource 3) the increase would correspond to a less 
than 1.5% change in retention factor. This was deemed to be 
of no practical significance for the classification of columns. 
In comparison, Fig. 6 highlights that the methodology was 
robust for the selectivity factors between two hydrophilic or 
hydrophobic probes as they were both affected to approxi-
mately the same extent. Whereas, selectivity factors between 
the hydrophilic/hydrophobic bases increased as temperature 
and the proportion of MeCN was increased. An increase of 
4 °C or 0.2% MeCN resulted in a change of the selectivity 
factors of less than 0.006 units. Since the range in selectiv-
ity factors between columns is 0.7 units or more (Online 
resource 3), the increase would correspond to a less than 
0.9% change in selectivity factors. This was deemed to be 
of no practical significance for the classification of columns.
It is recommended that the characterisation protocol 
operating parameters should be controlled within the fol-
lowing limits, i.e.  % MeCN ± 0.1 v/v, buffer pH ± 0.1, flow 
rate ± 0.1 mL min−1, temperature ± 1 °C and buffer concen-
tration ± 0.1 mM. The robustness testing highlighted that the 
tolerances for the operating parameters were all acceptable. 
Despite being deemed statistically significant, the practical 
relevance of the temperature, buffer concentration and pro-
portion of MeCN in the mobile phase limits on the reten-
tion and selectivity factors was negligible when the range of 
retention and selectivity factors which were determined for 
the columns was taken into consideration.
Reproducibility of the SCX Column Characterisation 
protocol
Inter-day and intra-day experiments were performed using 
four different batches of stock potassium dihydrogen phos-
phate (100 mM, pH 2.5) using on line mixing and a Luna SCX 
column. Intra-day and inter-day variability indicated that there 
was no statistical difference between the means of the results 
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amongst the two sets of results (Student t test, P = 0,05). It 
was also demonstrated that there was no statistical difference 
between mobile phases (v/v) prepared volumetrically or gravi-
metrically (Student t test, P = 0.05), however, it was recom-
mended that mobile phases should be made up gravimetrically 
to minimise preparation errors for the column characterisation 
protocol.
SCX Column Batch to Batch Variability
Column batch to batch variability was assessed using five 
Luna columns on the same day using the same instrument and 
mobile phase. Three columns were of the same batch whilst 
three columns were prepared from differing base silica and 
silane. The batch to batch observations can be seen encircled 
within the PCA score plot (see Online resource 5a) where the 
scatter observed is due to the batch to batch variation (reten-
tion factor  %RSD for the four bases for the same and differing 
batches of the Luna material was < 1.6 and 2.6%, respectively). 
The results are also in keeping with previous batch to batch 
studies performed on other RP columns using various proto-
cols [13, 26–28]. This highlights that any deviation between 
differing phases within the PCA score plot is caused by their 
selectivity differences, thus it is feasible to distinguish SCX 
stationary phases which are chromatographically similar or 
dissimilar using this approach. As seen in the PCA score plot 
(see Online resource 5a and b), there were some variations 
between the different Luna columns. The red circles corre-
spond to columns of the same batch and the yellow circles for 
columns between different batches. These variations were not 
significant in the overall view of the score plot between all 
phases. However, it is impossible to extrapolate these batch 
to batch results to other SCX phases. The green circles corre-
spond to the experiments in the DoE evaluation. The variabil-
ity in the DoE results is more than the batch to batch variabil-
ity. The robustness of the results generated from the column 
characterisation protocol was demonstrated to be acceptable 
and comparable results were obtained for the same Epic col-
umn run in two different laboratories, differing operators, 
using differing batches of mobile phases and LC instrumen-
tation (see Online resource 5). In an extension of this work, 
we have been able to correlate characterisation results to the 
ageing of an SCX material and its suitability for the analysis of 
a 39 amino acid peptide analysed using similar LC conditions 
(i.e. low pH, 40 °C and MeCN).
Fig. 3  Chromatograms of the test mixture. a Spherisorb SCX; b 
Inertsil SCX; c Supelcosil SCX; d Luna SCX; e Partisphere SCX; 
f Epic SCX; g Poly [2-sulfoethylaspartamide] A; h Biobasic SCX; i 
Partisil SCX and j Agilent Bio SCX. Peak assignment: N = nortrip-
tyline; D = diphenhydramine; S = salbutamol and B = benzylamine. 
LC conditions as specified in “Liquid chromatography” section were 
employed
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Fig. 4  Comparison of the retention times of 18 basic analytes chro-
matographed using the characterization conditions—Supelcosil 
SCX (250 × 4.6 mm, 2 mL min−1) and Luna SCX (150 × 4.6 mm, 
1 mL min−1) phases. LC conditions as specified in “Liquid chroma-
tography” section were employed. 20 and 30 μL of the individual 
basic analytes (0.5 mg mL−1 in water) were injected onto the 150 and 
250 mm columns, respectively
Fig. 5  Coefficient plots of 
retention factors. Bar assign-
ment: Blue = benzylamine; 
orange = salbutamol; 
green = nortriptyline and 
red = diphenhydramine
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Conclusions
A simple characterisation protocol for the evaluation 
of a range of SCX phases (suitable for the analysis of 
small molecular weight bases) is described. The proto-
col was demonstrated via design of experiment princi-
ples to be reproducible and robust within the operating 
parameters proposed. The protocol permits the assess-
ment of the individual ion exchange and hydrophobic 
character of SCX materials as well as their combined 
mixed mode retention capability. The synergistic effect 
between ion exchange and hydrophobicity retention on 
basic analytes could also be observed. This was high-
lighted by the switch in retention between the hydrophilic 
and hydrophobic bases as a function of the proportion 
of MeCN employed in the mobile phase. The diverse 
chromatographic properties of a range of SCX materi-
als was demonstrated by applying PCA to the column 
characterisation results. The PCA score plots for the first 
and second principal components described 83% of the 
variability within the dataset. The analysis highlighted 
the high diversity of SCX materials making the selection 
of “back-up” columns extremely difficult from the col-
umns tested. The chromatographic selectivity differences 
observed between SCX materials in the PCA analysis 
was validated in the analysis of a range of different basic 
analytes. The protocol has been used to assess batch to 
batch variability and column aging of a SCX column 
for its suitability in the analysis of a 39 amino acid pep-
tide using similar LC conditions (i.e. low pH, 40 °C and 
MeCN). It is proposed that more relevant LC conditions 
(i.e. intermediate pH, ambient temperature and low 
MeCN containing mobile phases) and large molecule 
probes will be required to characterise the increasing 
number of non-porous SCX phases reaching the market 
specifically for the analysis of biomolecules.
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Fig. 6  Coefficient plots of selec-
tivity factors. Bar assignments: 
blue = αB/S; orange = αS/D; 
green = αN/D; red = αS/N; pur-
ple = αB/D and grey = αB/N
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